In the present study, we investigated the removal characteristics of phosphate and nitrate through adsorption on boron waste (BW) and heat treated boron waste (BW400) under batch equilibrium and column flow conditions. The effects of pH, contact time, initial solution concentration, and temperature on the uptake of both anions by the adsorbents in batch operation were examined. The equilibrium data were fitted to different types of adsorption isotherms. Langmuir adsorption model showed the best fit to the experimental adsorption data. The data were further analyzed on the basis of the Lagergren first order, pseudo-second-order and intraparticle diffusion kinetic models. The maximum adsorption capacities of heat treated BW for nitrate and phosphate were approximately 63.2 and 52.5 mg•g -1 , respectively, which shows higher maximum capacity for phosphate and a similar capacity for nitrate in comparison with other adsorbents used. Breakthrough curves obtained from fixed-bed column tests showed that column adsorption capacities provided strong evidence of the potential of BW400 for the technological applications of phosphate and nitrate removal from aqueous solutions.
Introduction
Water pollution due to excessive presence of nitrogen and phosphorus species has become a serious problem worldwide in recent years. Agricultural, industrial, households uses and many other human activities are the major sources of phosphates and nitrates in natural bodies of water [1] .
Phosphate and nitrate can contribute significantly to eutrophication in the aquatic environment.
Eutrophication comprises the abundance of aquatic plants, growth of algae, and depletion of dissolved oxygen in water [2] . Furthermore, high nitrate concentration in drinking water can lead a potential risk to animal and human health. Excessive level of nitrate in drinking water can cause acute poisoning in cattle [3] , a blue baby disease in newborn infants [4, 5] , and the potential formation of carcinogenic nitrosamines [6] .
Several physicochemical and biological processes have been used for the removal of dissolved heavy metals, dyes, phosphate and nitrate in water and wastewaters [7] [8] [9] [10] [11] [12] [13] [14] [15] . Among them adsorption method has become a popular method since it allows simple and economical operation resulting in less sludge production. A number of materials including carbon-based sorbents [16] [17] , biosorbents [18] [19] [20] [21] [22] [23] [24] , natural sorbents [25] [26] [27] [28] [29] [30] , miscellaneous adsorbents [31] [32] [33] [34] [35] , agricultural wastes [36, 39] , and industrial wastes [40, 41] have been tested for the removal of nitrate and phosphate from waste waters.
In recent years, considerable experimental progresses have been made in the use of wastes containing boron impurity for the removal of heavy metals [42] [43] [44] and dyes [45] [46] [47] [48] from aqueous solutions. Boron waste (BW) is a waste residue formed during boron enrichment process in different boron plants in Turkey. Chemical composition of BW changes with respect to the type of the boron ore sources. BW is mainly composed of ulexite, zeolite, colemanite, and some clays. Due to chemical and mineralogical species present in the BW, this solid waste is an excellent low-cost adsorbent for the removal of pollutants from water.
The primary objective of this work is to develop a process for removal of phosphate and nitrate from aqueous solution using adsorption based technology. For this purpose, adsorption characteristics of these anions on BW and heat treated BWs were systematically investigated under batch equilibrium and column flow conditions. The effects of various operating conditions, namely, pH of solution, initial concentration of anions, contact time, and temperature, were investigated. The experimental data were analyzed on the basis of the Langmuir, Freundlich, and Dubinin-Raduskovich adsorption equations. Further, the experimental data were fitted to the Lagergren first-order, pseudo-second order and intra-particle diffusions models. Column adsorption data were used to obtain breakthrough adsorption capacity of adsorbents for nitrate and phosphate ions. [42] . This sample was referred to as BW. In order to examine the effect of heat treatment on the adsorption capacity of BW, the sample was heat treated at varying temperatures (300, 400, 500, and 600 °C) for 4 h.
Materials and methods

Materials
Characterization of the adsorbents
Zeta potential measurements of BW and heat treated BWs were conducted using a Zeta meter (Zeta meter 3.0 +542, USA) over a broad range of pH (3 to 9). A known amount of BW was suspended in 50 mL of distilled water, and the solution pH was adjusted between 3.0 and 9.0. After pH adjustment, the mixtures were equilibrated with a magnetic stirrer for 20 min, and the Zeta potential was measured. The BET surface areas of original BW and heat treated BWs were determined by the nitrogen adsorption isotherm technique on an automatic BET surface area analyzer (Quantachrome, NOVA 2200, USA).
Batch adsorption studies
The adsorption capability of BW and BW400 toward nitrate and phosphate anions was 
Column experiments
Fixed-bed column studies were performed using a laboratory scale glass column with an internal diameter of 1 cm and a length of 12 cm. A stainless sieve was attached at the bottom of column with a layer of glass wool. A known quantity of anion solution was fed in upwards through the column. The column was operated at three different flow rates ranging 0.5-1.5 mL 
Results and discussions
Batch adsorption tests
Effect of initial solution pH
The effect of initial solution pH on nitrate and phosphate removal by two adsorbents is illustrated in Fig. 1 . Adsorption capacity, q e , was analyzed over a pH range of 3-9. It is seen that adsorption of anions were considerably influenced by the pH of solutions. There was an increase in the adsorption capacity of adsorbents with decreasing pH from 8 to 3 for both anions and the maximum adsorption capacity was observed at pH 3. The variation of adsorption with pH can be explained by the electrostatic interaction between the adsorbent and adsorbate. As seen in The comparison of the adsorption capacities of adsorbents showed that BW400 was more effective for nitrate and phosphate adsorption than BW in the pH ranges studied. The difference in the adsorption capacity of adsorbents can be explained with the surface charge on the adsorbents (Fig. 2) .
[Insert Fig.3] 
Heat treatment results
The effect of heat treatment on the anion removal of BW is seen in Fig. 4 . It is apparent that phosphate and nitrate removal capacity of BW increased with increasing temperature up to 400 ºC. The samples heated beyond 400 ºC showed lower phosphate and nitrate removal capacity than those heated at 400
°C. These results can be mainly attributed to the surface area of the BW. As seen from Fig. 3 that the surface area of BW increases with increasing temperature up to 400 °C. The increase in the surface area is resulted from the structural changes that occur during heating. The XRD patterns of BW and calcined BW showed that the major phases of BW are ulexite, calcite, and colemanite, with minor dolomite, and zeolite. After heating, the peak intensities for ulexite significantly decrease [46] . Heat treatment results in dehydration and dehydroxylation reactions in ulexite. Meanwhile the gradual removal of water increases the porosity up to 400 °C. Thus, increase in porosity of BW particles leads to an increase in surface area. The higher surface area produced higher adsorption capacity of BW. At temperature higher than 400 °C, it is probable that the sintering reactions at grain boundary result in breakdown of pores thereby reducing the specific surface area.
[Insert Fig.4] 
Effects of contact time, temperature, and initial ion concentration
The effect of initial anion concentration on uptake capacity of BW and BW400 was studied at pH 
Adsorption kinetics
The kinetics of adsorption of phosphate and nitrate on various materials has been studied using various kinetic equations. The best prevailing equation is the Lagergren pseudo-first order model [49] .
It can be written as
where e q and t q are the amounts of anions adsorbed per unit mass of the adsorbent materials (mg•g
at equilibrium time and time t, respectively, while k 1 is the pseudo-first order rate constant (min -1 ).
The integral form of the pseudo-second-order model is given by the following equation [50] ; The experimental data were fitted to both the first-and second-order adsorption models. Kinetic parameters were calculated from the straight line plots of the first-and second-order equations. The kinetic constants and correlation coefficients of the pseudo-first-order and the pseudo-second-order models are given in Table 1 . Although, calculated q e values for the pseudo-first-order models are closer to the experimental q e values, the pseudo-second-order rate model has produced higher correlation coefficients (R [Insert Table 1] Previous studies on the kinetic behaviors of microporous sorbents showed that intraparticle surface diffusion may be important to the adsorption process [41, 42] . It is well known that adsorption is a multi-step process in which adsorbate species are most probably transported from the bulk of the solution to the solid phase through an intra particle/transport process. In this study, the possibility of the intra-particle diffusion rate affecting adsorption was also examined using the intra-particle diffusion model as [51] .
where q t is the amount of anions adsorbed at time t; C is the intercept and k p is the intra-particle diffusion rate constant (mg•g contribution to the intra-particle diffusion rate. As seen in Table 1 the intercept values for original BW are lower than that of the BW400. This may be attributed to the decreased boundary layer effect and higher BET surface area of the heat treated BW.
Adsorption isotherms
In order to optimize the design of the adsorption system for the removal of phosphate and nitrate ions from the solution, it is important to establish a correlation for the equilibrium curves obtained from the experimental studies. Therefore, Langmuir and Freundlich isotherm models were used. The
Langmuir isotherm [52] takes the form: Fig.7 shows Langmuir isotherm for adsorption of anions on BW and BW400. As seen from the plot and Table 2 , adsorption properties of BW were enhanced by heat treatment. Comparison of the maximum adsorption anion uptake capacity of BW400 with the other adsorbents as reported in literature is given in Table 3 . The BW400 prepared in this study can be considered as the alternative materials for nitrate and phosphate removal in aqueous solution.
[Insert Fig.7] [Insert Table 2] [Insert Table 3] The equilibrium data were also subjected to the Dubinin-Raduskovich adsorption isotherm model (D-R isotherm) [54] to determine the nature of sorption process as physical or chemical adsorption. The non-linear form of the isotherm equation is given as:
where q m is the maximum amount of the ion that can be sorbed onto unit weight of sorbent (mg•g -1 ), ε is the Polanyi potential, which is equal to RT ln(1+1/C e ), where R and T are the universal gas constant
) and the absolute temperature (β), respectively. β is related to the mean free energy of sorption per mole (E) of the anion transferred to the surface of the adsorbed from the solution when it is transferred to the surface of the solid from the solution and E can be formulated as:
The Dubinin-Radushkevich isotherm parameters are shown in Table 2 . The E values obtained in this study are greater than 8 kJ mol
, indicating possibility of ion-exchange mechanism. Consequently, the results showed that Langmuir isotherm model is better fit than Freundlich, and D-R isotherm models tested with respect to the correlation coefficients, and other parameters determined for these three isotherms models.
Thermodynamic studies
Thermodynamic parameters shed valuable insight into feasibility and spontaneity nature of the adsorption process. Thermodynamic parameters, namely, the standard Gibbs free energy change [Insert Table 4] 3.2. Column adsorption studies . The shape of the breakthrough curves indicates the internal resistance within the column and the relative effects of mass transfer parameters throughout the operating condition. It was observed that the breakthrough curve of lower flow rate rises steeply near exhaustion point indicating a larger mass transfer zone and a longer service time for the column. The breakthrough curves for both anions were sharper for higher flow rates. This was likely due to the facts that anions do not have enough time to contact with surface sites a high rate of loading, which results in a lower adsorption capacity. Based on the breakthrough curves, at 0.5 mL·min -1 loading rate more efficient anion uptake occurred than other loading rates tested for both anions (Table 5 ). Results also indicated that the shape of breakthrough curves (Figures not given) for nitrate/BW and phosphate/BW showed a similar trend as those of phosphate/BW400 and nitrate/BW400 systems. However, adsorption capacities of BW400 for both anions were found to be higher than those of BW at all loading rates (Table 5) . Table 5 are in a good accordance with each other. Therefore, the adsorption process was fit well by the Thomas model. Table 5] . It is clear that breakthrough time (t b ) and exhaustion time (t e ) increased with increasing bed depth while the shape and gradient of the breakthrough curves were slightly different with the variable bed depths. The slope of breakthrough curves decreased with increasing bed depth, which resulted in a broadened mass transfer zone. The sorption data were evaluated and presented in Table 6 . As seen from the Table, column adsorption capacity increased with increasing bed depth. These results can be attributed to the existence of greater number of binding sites, a higher contact time for adsorption and other processes contributing to anion removal to take place in the column. The column adsorption capacity for nitrate was higher than that for phosphate at all bed heights. The results indicate that the column uptake values obtained for nitrate and phosphate were in agreement with the batch experimental data.
Effect of flow rate
[Insert
Effect of bed height
[Insert Fig.9] [Insert Table 6] , respectively. This result may be attributed to the variation in column resistance and adsorption driving force. Higher initial influent concentration led to higher driving force for mass transfer and smaller mass transfer zone. The same trend was also observed for nitrate/BW and phosphate/BW systems (Figures not given) [Insert Fig.10] [Insert Table 7 ]
Effect of initial anion concentration
Conclusions
This study investigated the adsorption characteristics and suitability of BW and heat treated BW as potential adsorbents for the removal of phosphate and nitrate from aqueous solutions using lab-scale Table 2 . Isotherm parameters of phosphate and nitrate adsorption on BW and BW400. Table 3 Comparison adsorption capacity of the BW400 with other adsorbents. Table 4 .Thermodynamic Parameters of the phosphate and nitrate adsorption on BW and BW400. Table. 5 Column parameters for the effect of flow rate on the adsorption of phosphate and nitrate onto BW and BW400. Table 6 . Column parameters for the effect of bed height on the adsorption of phosphate and nitrate onto BW and BW400. Table 7 . Column parameters for the effect of initial ion concentration on the adsorption of phosphate and nitrate onto BW and BW400. Table 2 . Isotherm parameters of phosphate and nitrate adsorption on BW and BW400. 
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